To elucidate the role of microbiological factors in pouchitis, this study investigated the composition of ileal reservoir microflora, the mucus degrading capacity of bacterial enzymes as well as the pH and the proteolytic activity of pouch effluent. Stool samples were collected from five patients with pouchitis and nine patients without pouchitis. The flora of patients with pouchitis had an increased number of aerobes, a decreased ratio anaerobes to aerobes, less bifidobacteria and anaerobic lactobacilli, more Clostridium perfringens, and several species that were not found in control patients (for example, fungi). Furthermore the pH was significantly higher in patients with pouchitis (median value 6.5) than in control patients (5.4). To find out if the pH might influence the breakdown of intestinal mucus glycoproteins, the activity of glycosidases and proteases, and the degradation of hog gastric mucin by the pouch flora was tested at pH 5-2-7-6. Some glycosidases were inhibited, others were stimulated by a low pH, however, in each sample the proteolytic activity was inhibited for 75% at pH 5-2 compared with pH 6*8 and 7-6. Degradation of hog gastric mucin by the pouch flora was an active process at pH 7-2: within two to four hours of incubation more than half of the mucin was degraded. At pH 5.2 it took twice as long. It is concluded that pouchitis possibly results from instability of the flora in the pouch, which causes homeostasis to disappear (dysbiosis), and the protection of the pouch epithelium by the mucus layer becomes affected by increased activity of bacterial and host derived enzymes.
In the past, a permanent Brooke ileostomy was inevitable for patients requiring a proctocolectomy for either ulcerative colitis or familial adenomatous polyposis. During the past two decades, the continent ileostomy, devised by Kock, and the ileoanal anastomosis, introduced by Parks and Utsunomiya, have evolved into attractive alternatives. Both 10-20% of the patients who have surgical treatment for chronic ulcerative colitis (only a few cases have been described in patients operated for familial adenomatous polyposis). The incidence has risen, however, with a longer period of follow up to 40%.'°Most patients with pouchitis respond well to metronidazole, but chronic pouchitis patients require continuous treatment with sulphasalazine or corticosteroids. " The cause of pouchitis is not clear. The immediate response to antibiotic treatment suggests a role for the flora in the pouch.
There are few indications of the participation of intestinal pathogens and it has become evident that the flora is not directly responsible for pouchitis. The ileum reservoir is colonised with large numbers of bacteria that closely resemble the flora found in the large intestine and outnumber the flora of the normal ileum. 19 20 Micro-organisms are known to be active pro- Neuraminidase activity was measured with NAc-neuramin-lactose (Sigma) as substrate by the method of Warren.32 One unit of neuraminidase released 1 ,umol of neuraminic acid/min at 37°C. The limit of detection in these assays was 0-01 U.
Proteolytic activity was determined with azocasein (Sigma) as substrate.33 Proteolytic activity was expressed in milligrams of azocasein hydrolysed in one hour at 37°C. All enzyme activities were described per gram of faeces.
In these standard enzyme assays dilutions of the faecal samples and enzyme substrates were made in 0-1 M acetate buffer pH 6&0 (neuraminidase), 0-1 M phosphate buffer pH 6-8 (the other seven glycosidases), and 0-1 M phosphate buffer pH 7-6 (proteases). To test the effect of pH on the enzyme activities, all faecal samples (from nine control patients) were diluted in citric acidphosphate buffer (0-1 M Na2 HPO4/2H2O, 0-1 M citric acid/H20) pH 5-2, 5-8, 6-8, and 7-6. Additionally the substrate solutions were made in the appropriate buffers.
MUCIN DEGRADATION
About 100 g of fresh faeces was mixed carefully, the pH was measured, and 35 g faeces was diluted 1:1 with citric acid-phosphate buffer with a pH in the range 4 6 to 5 2 to obtain pH 5 2 in the mixture. Another 35 g of faeces was mixed with citric acid-phosphate buffer with pH in the range 7 2 to 8-0 to adjust the mixtures to pH 7 2. The mixtures were homogenised (Stomacher Lab Blender 400) and coarse particles were removed by gauze filtration.
Hog gastric mucin (Sigma) was purified by repeated ethanol precipitation. 34 Al 2% solution was made in citric acid-phosphate buffer pH 5-2 and 7-2 and was added to the faecal suspensions. The two mixtures with pH 5 2 and 7 2, and a final composition of 1 part faeces, 1-7 part buffer, and 0-3% mucin, were incubated for From the pouch of each control patient two samples were cultured with at least a two month interval. We noticed large differences in anaerobic bacterial composition between two samples of one subject. In the first sample more than 10 different species were found but just a single species in the second sample. Furthermore from the pouchitis group we cultured fungi and yeasts, other than Candica albicans; these were not found in the control group.
All tested glycosidases were shown, a and ,3 D-galactosidase in nearly every sample, but a L-fucosidase in only five samples. Their activity, measured on p-nitrophenyl substrates at pH [6] [7] [8] (neuraminlactate pH 6-0, for neuraminidase) was similar in both groups. The same applied to the proteolytic activity, the standard measured with azocasein substrate, at pH 7-6. The most striking difference between the control and the pouchitis group was the pH. In faeces from the control patients the pH was 54 (median value), which is significantly lower than the pouchitis group (pH 6 5) . The time of the day the faeces was collected did not influence the results. To find out if the pH is (one of) the controlling mechanism(s) in the breakdown of intestinal mucusglycoproteins, we tested the influence of the pH on the activity glycosidases and proteases present in pouch effluent, and on the degradation of hog gastric mucin by the pouch flora.
EFFECT OF pH ON ENZYMATIC ACTIVITY Table II shows that in pouch effluent from nine control patients the activities of four glycosidases were tested at four different pH values: a Dgalactosidase and 13 D-NAc glucosamidase were found to have 2-4 times higher activity at a low pH; neuramidase and 13 D-galactosidase were mainly active at pH 6-8 and 7 6. Apart from a D-galactosidase, however, there were several individual differences, as shown in Table II . Figure 1 shows that the pH dependence of the proteolytic activity was similar in each tested sample. At pH 6-8 and 7-6 the activities were respectively three and four times higher than at pH 5-2 (p<0 001 for both comparisons).
EFFECT OF pH ON MUCIN DEGRADATION
The incubation of the pouch flora with hog gastric mucin at pH 7 2 resulted in an active breakdown of the mucin for each of the tested parameters (Fig 2) . At pH 7-2 the fucose part of the mucin had disappeared for nearly 60% within two hours of incubation, compared with 30% at pH 5 2. The removal of 60% of the hexoses and hexosamines from the mucin took four hours of incubation at pH 7-2, but only 35% was degraded at pH 5-2. In addition blood group antigens A and H were much more actively removed from the mucin at a pH 7-2 than at pH 5 2. The degradation of the protein part of the mucin was not as fast as the degradation of the carbohydrate part. After four hours incubation nearly half of the proteins (43%) were found to be cleaved at pH 7-2, but only 10% at pH5-2.
Mucin degradation was determined in five experiments with faeces from five different subjects (four control patients and one patient who required daily 5-ASA). In each experiment mucin degradation was inhibited at a low pH (5 2) compared with pH 7-2; p=0-01-05 for the carbohydrate and the protein compounds.
The flora from three patients (one of them was the patient who required daily 5-ASA) caused a similar rate of mucin degradation (reflected by the median values in Fig 2) . The flora of patient 4 degraded the hexoses part of the mucin slowly and gradually until a 60% loss after eight hours of incubation at pH 7-2, but hardly any protein or hexosamines were cleaved from the mucin.
Patient 5, however, showed an extremely fast degradation rate: within two hours of incubation 90-95% of the mucin, as well as the carbohydrates as the protein fraction was broken down at pH 7T2. For both patients the degradation at pH 5-2 was slower.
In summary, it was found that mucin is broken down at a pH 7 2 twice as fast as at pH5-2. correlated with mucosal villous atrophy and pouchitis.164243 Bacterial volatile acids, especially butyric acid, are important energy substrates for colonic epithelial cells"4 and a lack of this acid can make them more susceptible to inflammation. Recently, the response to metronidazole has been attributed to its capacity to remove oxygen radicals, which are increased in ischaemia. 45 It is still not possible for a definite conclusion to be stated.
Since the construction of the first ileal reservoirs there has been a great interest in the development of the flora. The results of studies, however, on the composition of the pouch flora from both patients without pouchitis and patients with pouchitis are contradictory.'1 '8 This study shows that the total number of bacteria in patients with and without pouchitis (about 1 5 x 109 bacteria/g wet faeces) is 10 times higher than in ileostomy effluent.'947 This is not surprising for instead of free passage of the ileum contents in patients with a conventional ileostomy, the contents accumulates in the pouch for several hours, dependent on the stool frequency of the patients, which is 4-8 times/ 24 h.' In faeces of healthy subjects the total number of bacteria is about 10 times higher than in pouch effluent.4"50 Faeces is the final product of a 20-140 hour stay in the large intestine and of many complicated biochemical events in the different regions. The ecological significance of the ileum reservoir is probably best compared with the caecum and the ascending colon. In this part of the intestine the largest amounts of substrates for bacterial metabolism are available, including dietary residues and host produced substances like mucus glycoproteins, exfoliated epithelial cells, and pancreatic secretions.5" Only few data are available for bacterial numbers and fermentation in the human caecum. Mcfarland52 cultured from two sudden death victims 1 and 4x 1010 bacteria/g dry caecal contents. These are about the same numbers, after conversion to dry weight, that we found in the ileum reservoirs. Furthermore the pH in caecum and colon ascendens was 5-9 and 5-8 respectively (subject 1), and 5 1 and 4 9 respectively (subject 2). This is in line with the low pH measured in the pouch output from the control patients. The low pH in both the caecum and ileum reservoir results from the high metabolic activity of the anaerobic flora and is probably the combined result of the bacterial production of short chain fatty acids (butyric, propionic, and acetic acid) and other organic acids (lactic acid, succinic acid) and the buffering capacity of the ileum contents (by bicarbonate secretions of pancreas, liver, and epithelial cells).
The delicate mucosal epithelial cells from the ileum are protected by a layer of mucus glycoproteins from mechanical injury, the action of antigens and toxins, and the invasion of enteric bacteria. The chief constituent of the intestinal mucus, secreted by goblet cells, consists of a glycoprotein that contains up to 85% carbohydrates. Common parts of the carbohydrate are fucose, galactose, NAc-glucosamine, NAcgalactosamine, NAc-neuraminic acid, and mannose in a or 13 glycoside linkage.53"-Because it is not dependent on oral intake and is always available in roughly the same amounts, mucus serves as an important energy source for the bacterial flora in the intestine. The degradation depends on the action of bacterial glycosidases, releasing monosaccharides from the polysaccharide chains that surround the protein core of the glycoprotein.2' This study shows that glycosidase activity is present in the pouch and it is probable that the carbohydrate part of the mucus glycoprotein is removed by their action. Degradation of the mucus may be continued, when the protein core of the glycoprotein is no longer protected after the removal of the oligosaccharide side chains, by proteolytic enzymes from the liver, pancreas, and brush border. 56 Our experiments show that on artificial substrates the proteolytic activity is strongly inhibited at a low pH (5 2-5 8) . This pH resembles the pH in the pouch of the control patients (pH 5 4). On their p-nitriphenyl glycoside substrates some bacterial glycosidases were inhibited, but others were stimulated in their activity. Nevertheless the pouch flora degraded two times more of a natural substrate, such as hog gastric mucin (the carbohydrate part as well as the protein part), at a neutral pH compared with a low pH. The individual differences in degradation rate found is probably attributed to differences in flora composition.
The siguificance of these data is that in a healthy pouch a low pH maintained by the flora might delay the mucin breakdown.
This might be the situation in a healthy pouch. The pouch flora degrades active mucus glycoproteins, but there is a balance between glycoprotein secretion by the goblet cells and the degradation by the flora. The low pH in the pouch, which is created by the bacterial metabolites, might be an important factor in inhibiting mucus breakdown. The homeostasis in the pouch might be dependent on the stability of the flora. In the case of pouchitis homeostasis is not maintained: we found that the flora composition had changed, a part of the anaerobes had disappeared in favour of the aerobes, the ratio anaerobes to aerobes moved from 143 Because anaerobes are largely responsible for the production of fatty acids, it is possible that in pouchitis the fermentation patterns have been changed. Claussen42 and also Wishmeyer43 found decreased amounts of volatile fatty acids in output from patients with pouchitis. A consequence might be a pH that is no longer acid, but more neutral. The comparatively high pH in patients with pouchitis might be regarded as a symptom of the instability of the flora. In this situation mucus degradation is possibly faster than production. The pouch content is a large reservoir of bacterial antigens, which may stimulate the immune system, and cause a local inflammatory reaction, when the integrity of the mucosa is affected. After the loss of (parts of) the mucus layer, the epithelial cells may become accessible to the action ofhost derived proteases. It has been postulated that pancreatic proteolytic enzymes have an inhibitory effect on intestinal healing processes' and promote progress of haemorrhagic intestinal necrosis.6" Impairment of the protective function of the ileal pouch mucosa makes the pouch epithelium more susceptible to accumulating bacterial toxins, deoxycholic acid, oxygen radicals, and shortage of butyric acid. Furthermore, the invasion of enteropathogenic micro-organisms is no longer inhibited when the pH become more neutral (loss of colonisation resistance).
Patients that have an operation for ulcerative colitis in principle develop pouchitis. There is evidence that one particular species of mucin, which was defined by oligosaccharide side chain composition, is deficient in the colon of patients with ulcerative colitis.62 In the pouch there is a change from small bowel type mucin (high degree of sialysation) to colonic type mucin (more sulphated).63 It is possible that the colonic mucus and consequently the changed pouch mucus of patients operated for ulcerative colitis, is more susceptible to degradation by the combined action of bacterial glycosidases and pancreatic proteases, than pouch mucus from patients operated for familial adenomatous polyposis.
Our conclusion is that pouchitis is possibly the result of instability of the flora in the pouch of susceptible patients (ulcerative colitis), which causes homeostasis to disappear (dysbiosis), and the protection of the pouch epithelium by the mucus layer becomes affected by increased activity of bacterial and host derived enzymes.
The pouch flora in general is probably very susceptible to influences from outside, such as dietary variation and bacterial contamination, which is expressed by instability that may lead to pouchitis. After treatment of pouchitis with metronidazole, a state of great imbalance is again created and new flora have to colonise the pouch. We think that a stable flora with a normal fermentation pattern (including a low pH) might prevent pouchitis. This might be realised by oral ingestion of lactobadilli (probiotics), which has been proved to be successful in the treatment and prevention of intestinal infections and antibiotic associated diarrhoea.64 65 
